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Abstract 

Nijmegen breakage syndrome (NBS) with NBS1 germ-line mutation is a human autosomal recessive disease 
characterized by genomic instability and enhanced cancer predisposition. The NBS1 gene codes for a protein, 
Nbs1(p95/Nibrin), involved in the processing/repair of DNA double-strand breaks. Hepatocellular carcinoma (HCC) is 
a complex and heterogeneous tumor with several genomic alterations. Recent studies have shown that heterozygous 
NBS1 mice exhibited a higher incidence of HCC than did wild-type mice. The objective of the present study is to 
assess whether NBS1 mutations play a role in the pathogenesis of human primary liver cancer, including HBV- 
associated HCC and intrahepatic cholangiocarcinoma (ICC). Eight missense NBS1 mutations were identified in six of 
64 (9.4%) HCCs and two of 18 (1 1.1%) ICCs, whereas only one synonymous mutation was found in 89 control cases 
of cirrhosis and chronic hepatitis B. Analysis of the functional consequences of the identified NBS1 mutations in 
Mre11 -binding domain showed loss of nuclear localization of Nbs1 partner Mre11, one of the hallmarks for Nbs1 
deficiency, in one HCC and two ICCs with NBS1 mutations. Moreover, seven of the eight tumors with NBS1 
mutations had at least one genetic alteration in the TP53 pathway, including TP53 mutation, MDM2 amplification, 
p14ARF homozygous deletion and promoter methylation, implying a synergistic effect of Nbs1 disruption and p53 
inactivation. Our findings provide novel insight on the molecular pathogenesis of primary liver cancer characterized 
by mutation inactivation of NBS1, a DNA repair associated gene. 
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Introduction 

Primary liver cancer is the second most common cancer in 
Asia and the fourth most common cancer in Africa. In 2002, the 
global number of new cases in males was estimated to be 
442 119; there were 416 882 deaths, 94% of which occurred in 
the first year after diagnosis [1,2]. Primary liver cancer 
comprises mainly hepatocellular carcinoma (HCC; about 90%) 
and intrahepatic cholangiocarcinoma (ICC; 5-15%) [1,2,3]. 
Hepatitis B virus (HBV) infection is widely recognized as an 
extremely high risk factor for HCC and ICC progression [3,4]. 



It is known that multiple risk factors, including HBV and 
hepatitis C virus infection, aflatoxin contamination, alcohol 
abuse, ionizing radiation and human metabolic products toxic 
to the human genome, can cause DNA damage such as 
double-strand breaks (DSBs), single-strand breaks and point 
mutation in hepatocytes [5]. DNA repair is essential when DNA 
damage occurs, and defects in this process may lead to fatal 
conditions such as chromosomal instability syndromes and 
cancer [5,6]. Notably, HBV DNA was found in the genome of 
almost all cases of HBV-associated HCC, and the efficiency of 
integration is enhanced when DSBs or oxidative DNA damage 
occurs [7,8]. Thus, accumulation of damaged DNA due to 
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impaired DNA damage repair can become an important 
molecular mechanism in the carcinogenesis of HCC, especially 
HBV-associated HCC. 

Nijmegen breakage syndrome (NBS), caused by a germline 
mutation (657del5) in the NBS1 gene, is an autosomal 
recessive chromosomal instability syndrome characterized by 
predisposition to cancer, especially leukemia and lymphoma 
[9]. The product of the NBS1 gene, Nbs1(p95/Nibrin), is a 
component of the Mre1 1/Rad50/Nbs1 (MRN) complex, which is 
localized in the nucleus and acts as a DNA DSBs sensor and 
functions in the cell cycle checkpoint in response to DNA 
damage [6]. Following DSBs in DNA, Nbs1 interacts with 
phosphorylated H2AX (y-H2AX) and is responsible for nuclear 
translocation of the Mre1 1/Rad50 repair complex to sites of 
DNA damage where it senses DNA strand breaks and 
activates ataxia telangiectasia mutated (ATM) [10] L which is 
central to the DSBs response in mammalian cells. In addition, 
Nbs1 is phosphorylated by ATM, activating downstream 
molecules including p53, BRCA1 and Chk2 to control cell cycle 
progression [6,10]. Thus, Nbs1 plays crucial roles in ATM- 
dependent DNA damage responses and the maintenance of 
genome stability. 

Accumulated evidence suggests a role of Nbs1 in 
tumorigenesis. In addition to lymphoma and leukemia in NBS 
patients, NBS1 mutations have been found in sporadic 
cancers, including breast cancer [11], colorectal cancer [12], 
medulloblastoma [13], primary glioblastomas [14], lymphoid 
malignancies and acute lymphoblastic leukemia [15]. 
Moreover, there may be functional interactions between Nbs1 
and p53 [16,17], and mutational inactivation of the NBS1 gene 
in tumors is associated with TP53 mutations [13,14], 
suggesting a synergistic effect of Nbs1 with p53 in the 
development of cancer. 

Notably, it was reported recently that heterozygous NBS1 
mice exhibited a higher incidence of HCC than did wild-type 
mice (http://escholarship.org/uc/item/16t4k4cd). Other research 
has shown that mice heterozygous for NBN (the murine 
homolog of NBS1) developed HCC in addition to lymphomas 
[18]. It is noteworthy that in almost all HBV-associated HCC 
cases, HBV DNA integrates into the host genome with an 
enhanced efficiency of integration when DSBs occurs. This has 
raised the question of whether Nbs1 plays a role in the 
pathogenesis of primary liver cancer, especially HBV- 
associated HCC. 

To explore the role of Nbs1 in liver carcinogenesis, we 
screened and analyzed mutations in the NBS1 gene and 
genetic alterations in the TP53 pathway. Moreover, we 
evaluated the functional consequences of the identified NBS1 
mutations through the analysis of Nbs1 phosphorylation and 
nuclear localization of Nbs1 partner Mre1 1 . 

Materials and Methods 

Ethics Statement 

The study protocol was approved by the Clinical Research 
Ethics Committee of Beijing Friendship Hospital, Capital 
Medical University. All participants provided their written 
informed consent to participate in this study, and the ethics 



Table 1. Summary of clinicopathological characteristics of 
patients with HCC or ICC. 





Characteristic 


Tumor cases 








HCC 


ICC 


PLC* 


Case number 


64 


18 


82 


Mean age (range) 


54.2 (27-78) 


52.6 (32-75) 


53.9 (27-78) 


Gender 


Male 


53 (82.8%) 


14 (77.8%) 


67 (81.7%) 


Female 


11 (17.2%) 


4 (22.2%) 


15 (18.3%) 


Tumor stage 


Stage 1 


38 (59.4%) 


4 (22.2%) 


42 (51.2%) 


Stage 1 


26 (40.6%) 


14 (77.8%) 


40 (48.8%) 


HBV infection 


Positive 


52 (81.3%) 


12 (66.7%) 


64(78.1%) 


Negative 


12 (18.7%) 


6 (33.3%) 


18 (21.9%) 


Differentiation 


Well 


10 (15.6%) 


1 (5.5%) 


11 (13.4%) 


Moderate 


38 (59.4%) 


13(72.2%) 


51 (62.3%) 


Poor 


16 (25.0%) 


4 (22.3%) 


20 (24.3%) 


NBS1 mutation 


Yes 


6 (9.4%) 


2 (11.1%) 


8 (9.8%) 


No 


58 (90.6%) 


16(88.9%) 


74 (90.2%) 



PLC: primary liver cancer, 
doi: 10.1371/journal.pone.0082426.t001 



committees approved this consent procedure. All data on DNA 
sequencing of the identified NBS1 mutations have been 
deposited in GenBank with accession numbers of JN390965 
and KF147842-KF147848. 

Tissue samples and cell lines 

Eighty-two primary liver cancer patients, comprising 67 men 
(81.7%) and 15 women (18.3%), aged 27-78 years with a 
median age of 53.9 years, were randomly enrolled in this study. 
The patients underwent surgical treatment at the Liver 
Research Center, Beijing Friendship Hospital, Capital Medical 
University, Department of Hepatology, Tianjin Infectious 
Disease Specialty Hospital and the Minimally Invasive 
Hepatobiliary Cancer Center, Beijing You-An Hospital between 
January, 2005 and December, 2010. Seventy-six tumors were 
fixed in buffered formalin and embedded in paraffin; 17 frozen 
tumors were paired with adjacent non-tumor tissues. Another 
six pairs of frozen tumors not prepared as paraffin-embedded 
sections were also included in the study. 

The patients were diagnosed as follows: (1) HCC or ICC; (2) 
with or without HBV infection, determined by positivity or 
negativity for hepatitis B surface antigen; (3) tumor stage 1 
(corresponding to TNM stage I, T1N0M0, as classified by the 
Union for International Cancer Control) or >1; and (4) well, 
moderately or poorly differentiated tumor, classified according 
to the World Health Organization Classification of Tumors of 
the Digestive System (Table 1 ) [1 ,2], 

Eighty-nine biopsies of tissue from patients with HBV- 
associated cirrhosis or chronic hepatitis B were used as 
controls for the screening for NBS1 mutations, comprising 53 
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cases of HBV-associated cirrhosis and 36 cases of HBV- 
associated chronic hepatitis B diagnosed at the Beijing 
Friendship Hospital and Tianjin Infectious Disease Specialty 
Hospital. 

HCC cell lines (HepG2 and Hep-3B) and ICC cell line 
(HCCC-9810) were purchased from the National Platform of 
Experimental Cell Resource for Sci-Tech (Beijing, China). HCC 
cell line (HepG2.2.15) was provided by Beijing Institute of 
Radiation Medicine, originated from the Mount Sinai Medical 
Center in New York. 

Single-stranded conformational polymorphism (SSCP) 
analysis and direct DNA sequencing for NBS1 
mutations 

SSCP analysis was conduct to prescreen for mutations in all 
16 exons of the NBS1 gene. Extraction of genomic DNA from 
paraffin sections and PCR-SSCP analysis for NBS1 were 
conducted as described previously [13,14,19]. Mutations 
identified in paraffin sections were verified by sequencing a 
second product of amplification on both strands and were 
further validated using paired frozen tissue. 

Detection of genetic alterations in the TP53 pathway 

Prescreening for mutations in exons 5-8 of the TP53 gene 
by PCR-SSCP analysis followed by direct DNA sequencing 
was conducted as described previously [13]. Differential PCR 
for p14ARF homozygous deletion and MDM2 amplification, as 
well as methylation-specific PCR for p14ARF promoter 
methylation, were conducted as described previously [13]. 

Immunohistochemistry (IHC) and Immunofluorescence 
(IF) 

Sections (4 urn thick) were cut for IHC. After 
deparaffinization of the slides, endogenous peroxidase activity 
was blocked with 0.3% H 2 0 2 in methanol for 30 min. Antigen 
retrieval was performed in antigen unmasking solution (Vector 
H-3300) with microwaving for 15 min, keeping the solution 
boiling, followed by treatment with 5% skimmed milk in 
phosphate buffered saline (PBS)-0.1% bovine serum albumin 
for at least 1 h at room temperature to block nonspecific 
staining. 

Immunohistochemical staining was performed using 
antibodies against Nbs1 (1:1000; Abeam), p-Nbs1 (1:50; 
Novus), and Mre11 (1:4000; Abeam) at 4°C overnight. 
Secondary antibody (Vector MP-7401) was used at 37°C for 1 
h, and visualization of antigen-antibody reactions was 
achieved with 3,3'-diaminobenzidine (Vector SK-4100). Tissue 
structures were visualized by counterstaining with hematoxylin. 

For IF, five micrometer thick frozen sections were cut using 
Cryocut (Leica Microsystems, Wetzlar, Germany) and fixed in 
ice-cold acetone-methanol (1:1) for 30 min on ice. The slides 
were then incubated with rabbit anti-Mre11 (Novus, 1:4000; 
Abeam) in Tris buffered saline with Tween containing 5% non- 
fat dried milk at 4°C overnight. After three washes in PBS, the 
primary antibody was detected with the corresponding 
fluorescein isothiocyanate-conjugated anti-IgG (Molecular 
Probes, Eugene, OR) at 37°C for 20 min. Sections were 
examined under a Zeiss Axioskop fluorescence microscope 



equipped with a charge coupled device imaging system (IPLab 
Spectrum; Signal Analytics Corp., Vienna, VA). 

Western blot 

Frozen tissues or cell cultures were lysed and clarified by 
centrifugation. The protein concentration was determined using 
a BCA kit (Pierce, Rockford, IL). Eighty micrograms of each 
protein extract was loaded onto 10% SDS-PAGE gel and 
transferred to nitrocellulose membrane. The membrane was 
probed with primary antibody against Nbs1 (Abeam, 
Cambridge, MA), phosphorylated Nbs1 (p-Nbs1, 1:1000; 
phospho-Ser343, Novus, Littleton, CO), with B-actin (Sigma, St. 
Louis, MO) as the loading control. The membrane was then 
incubated with species-specific secondary horseradish 
peroxidase-conjugated antibodies (Sigma). Protein bands were 
revealed by chemiluminescence (Pierce) and detected on X- 
ray films (Kodak, Rochester, NY). 

Statistical analysis 

The chi-square test (for expected values > 5) and Fisher's 
exact test (for expected values < 5) were used to determine 
molecular associations using SAS v9.2 software (SAS Institute, 
Inc., Cary, NC). P < 0.05 was considered statistically significant 
for all tests. 

Results 

High rate of NBS1 mutations identified in HCC and ICC 
but not in cirrhosis or chronic hepatitis B 

Eighty-two cases of primary liver cancer, including 64 cases 
of HCC and 18 cases of ICC, were screened for NBS1 
mutations. SSCP followed by direct sequencing of all 16 exons 
of NBS1 revealed eight missense NBS1 mutations in eight of 
the 82 (11.0%) cases of primary liver cancer (Table 2, Figure 
1A-B), distributed among exons 2, 3, 7, 9, 10,11 and 12 (Figure 
2). In five cases with NBS1 mutations (cases 217, 375, 383, 
425 and 478), adjacent non-tumor tissue was available. No 
NBS1 mutations were found in DNA extracted from non-tumor 
tissue, indicating that the NBS1 mutations in the tumors were 
somatic (Figure 1A). 

Of the eight NBS1 mutations, six were identified in 64 HCC 
cases, with two in 18 ICC cases (P=1.0000). No significant 
differences in the occurrence of NBS1 mutations were 
observed between different tumor stages, degrees of 
differentiation or the presence or absence of HBV infection in 
HCC cases (Table S1).No mutation was identified in poor 
differentiated tumors (Table 2, Table S1). 

Common NBS1 single nucleotide polymorphisms (SNPs) in 
tumor cases were identified at similar frequencies as that in 
control cases of cirrhosis or chronic hepatitis B, except for SNP 
D399D, which was significantly more frequent in tumor cases 
[18] .Two rare SNPs (N716D and E564K) and three splicing 
variants (IVS12-15 A^C, IVS 6+57 T^A and IVS 5+115 
A— >G) in NBS1 gene were identified in five HCC cases 
respectively. 

In contrast, no miscoding NBS1 mutations or rare SNPs 
were identified in any of the 89 control cases of cirrhosis or 
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Table 2. NBS1 miscoding mutations identified in HCC and ICC. 



Patient ID 


Clinical parameters 


Age/sex 


NBS1 mutation 


Alteration in TP53 pathway 


217 


HCC/HBV(+)/Stage1/md 


50/M 


Codon 41, ATC^ATG, lle-*Met 


TP53 mutation, P301L 


pUARF deletion 


375 


HCC/HBV(+)/Stage1/wd 


54/M 


Codon 633, TCA-.ACA, Ser->Thr 


p14ARF promoter methylation 


478 


HCC/HBV(-)/Stage1/md 


67/M 


Codon 272, GAT— >AAT, Asp->Asn 


p14ARF promoter methylation 


383 


HCC/HBV(+)/Stage1/md 


48/M 


Codon 348, GTT— >GAT, Val^Asp 


TP53 mutation, Y220C 


354 


HCC/HBV(+)/Stage1/wd 


46/M 


Codon 415, AGT— >AGA, Ser->Arg 


MDM2 amplification 


339 


HCC/HBV(+)/Stage1/md 


42/M 


Codon 603, TTC— >TTA, Phe^Leu 




425 


ICC/HBV(-)/Stage1/md 


52/F 


Codon 638, TCT^CCT, Ser->Pro 


TP53 mutation, Q192H 


p14ARF promoter methylation 


362 


!CC/HBV(+)/Stage1/wd 


38/M 


Codon 90, ACT-»TCT, Thr->Ser 


p14ARF promoter methylation 


* HBV(+)/HBV(-): with/without hepatitis B virus infection; Stage 1/Stage1: tumor stage 1/>1; wd/md/pd: well/moderately/poorly differentiated, 
doi: 10.1371/joumal.pone.0082426.t002 


A 






B 





A G A A A T A 



C T G T G 




Codon 638 TCT— *CCT 

Tumor tissue 




Adjacent non-tumor tissue 




c c 

M 


G A A C I^JT T 


G A A G 

IMA 


Codon90 ACT — »ACG 



Figure 1. Representative DNA sequencing of NBS1 mutations in HCC and ICC. (A) Missense NBS1 mutation at codon 638 
(TCT— >CCT, Ser— >Pro) was identified in a case of ICC, but not in the adjacent non-tumorous tissue, indicating that the mutation was 
somatic. (B) Missense NBS1 mutation at codon 603 (TTC— >TTA, Phe— >Leu) in a case of HCC. The reverse complementary 
sequence is shown. (C) Synonymous NBS1 mutation at codon 90 (ACT— >ACG, Thr— >Thr) in a case of HBV-associated cirrhosis. 

doi: 10.1371/journal.pone.0082426.g001 



chronic hepatitis B, with the exception of one synonymous 
NBS1 mutation identified in a case of HBV-associated cirrhosis 
(ACT— >ACG, T90T; Figure 1C). These results suggest that the 
rate of NBS1 mutation is significantly higher in primary liver 
cancer than in cirrhosis or chronic hepatitis B (P =0.0023). 



Mutation in Mre11 -binding domain of NBS1 may impair 
nuclear localization of the Nbs1 partner Mre11 

The potential effects of the eight NBS1 missense mutations 
on Nbs1 protein function were investigated using the 
Polymorphism Phenotyping (PolyPhen-2) algorithm, which is 
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141 M T90S 



D272N 



V348D S415R 



S633T 
F603L \ S638P 



1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


16 



Ser 278 Sen 343 Ser 397 



Set«' 5 



Nbs1 



too 



200 



300 



400 



sAo 



600 



700 



800 



FHA BRCT 
domain domain 



BRCT2 
domain 



Mre1 1 ATM 
binding domain interaction 
(Binding site 665-693) domain 



Missense mutation fj ATM phosphorylated site 



Figure 2. Distribution and type of NBS1 mutations in HCC and ICC. Mutations are located preferentially in exon 11/12 (Mre11- 
binding domain), but also in or close to other functional domains (FHA domain; second BRCT (BRCT2) domain; ATM 
phosphorylated sites, Ser278/Ser343/Ser397/Ser615). 

doi: 10.1371/joumal.pone.0082426.g002 



used to predict the possible functional impact of an amino acid 
substitution [20]. Five missense NBS1 mutations (141 M, 
D272N, V348D, S633T and S638P) were predicted to be 
damaging to Nbs1 function. 

Because three of the eight missense mutations located in the 
binding domain of Nbs1, we examined Mre11 nuclear staining 
by performing IHC and IF assays (when frozen tissue was 
available) on all tumors with NBS1 mutations to determine 
whether the NBS1 mutations have functional consequences on 
the binding of Nbs1 to Mre11; 10 HCC and 10 ICC cases 
without NBS1 mutations served as controls. Disruption of the 
Mre11 binding domain of Nbs1 may lead to loss of Mre11 
nuclear localization and increased staining for Mre11 in the 
cytoplasm [21]. Strong Mre11 nuclear staining was observed in 
all tumors without NBS1 mutations. Down-regulation and/or 
loss of nuclear localization of Mre11 with cytoplasmic Mre11 
staining was observed in three of the eight tumors with NBS1 
mutations: case 425 with mutation S638P, case 375 with 
mutation S633T and case 362 with mutation T90S (Figure 3A- 
E). S638P and S633T are in the Mre11 binding domain (601- 
700) of Nbs1 and may impair binding of Mre11 to Nbs1, 
consistent with the previous report described above. 

We next analyzed the impact of NBS1 mutations on Nbs1 
phosphorylation by western blot and IHC analysis. Altered 
Nbs1 phosphorylation was not observed in any of the tumors 
with NBS1 mutation (Figure S1). 



NBS1 mutations frequently accompanied with genetic 
alterations in the TP53 pathway 

Genetic alterations in the TP53 pathway in the 82 analyzed 
cases of primary liver cancer are summarized in Table 3. TP53 
mutations were identified in 13.4% cases (1 1/82), including one 
frameshift mutation (616del1ins14), one stop mutation 
(G298X), nine missense point mutations (V157P, P301L, 
Q192H, R248G, R249S, E285K, R273C, R286V and Y220C) 
(Figure 4A). All except the frameshift mutation are known TP53 
mutations registered in the International Agency for Research 
on Cancer TP53 Database (R15 release, http://www- 
p53.iarc.fr). No case had more than one TP53 mutation. MDM2 
amplification, p14ARF homozygous deletion and p14ARF 
promoter methylation were identified in five (6.1%), seven 
(8.5%) and 25 (30.5%) cases, respectively, and 45 (54.9%) 
tumors contained at least one genetic alteration in the TP53 
pathway (Figure 4B-D). 

Of the eight tumor cases with NBS1 mutations, seven 
(87.5%) had at least one concomitant genetic alteration in the 
TP53 pathway (P =0.0672, table 3) and three carried TP53 
mutations (P =0.0701, table 3). Notably, of the five cases of 
tumor with the five NBS1 mutations which are predicted to be 
damaging to Nbs1 function, three carried TP53 mutations (P 
=0.0159). 

Discussion 

Many genetic and epigenetic changes have been identified in 
precancerous hepatic lesions and in HCC, including 
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Mre11 



without NBS1 mutation with NBS1 mutation 




Figure 3. Mre11 nuclear staining in tumor cells with or without NBS1 mutations. Upper panel: IHC of a pair of HCC cases, 
(A) without NBS1 mutation (case 374) and (B) with NBS1 mutation S633T (case 375). Bottom panel: IHC of a pair of ICC cases, (C) 
without NBS1 mutation (case 382) and (D) with NBS1 mutation S638P (case 425); immunofluorescence staining of case 425 for 
which frozen tissue was available (E). The black/white arrows indicate tumor cells with nuclear or cytoplasmic staining of Mre11. 
Loss of Mre11 nuclear staining was observed in tumor cells from cases 375 and 425 with NBS1 mutations in the Mre1 1-binding 
domain (S633T and S638P). Original magnification: *40. 

doi: 10.1371/journal.pone.0082426.g003 



chromosomal amplification, mutations, loss of heterozygosity 
and global DNA hypermethylation [3,22]. The Wnt/B-catenin 
pathway is commonly disrupted in HCC, usually as a result of 
mutations in CTNNB1 or AXIN1, or epigenetic silencing of 
CDH1 [22]. The p53 and Rb1 pathways are often disturbed in 
HCC, and somatic mutations in TP53 has been reported with 
the rate of 14-35% worldwide depending on the level of 
aflatoxin exposure [23,24].The PI3K/Akt/mTOR pathway is also 
commonly disrupted, sometimes due to abnormal inactivation 
of tyrosine kinase receptors or as a result of constitutive 
activation of PI3K following loss of function of the tumor- 
suppressor gene PTEN [25]. Derangements of other signal 
transduction pathways, such as the MAPK pathway and the 
TGF-/3 pathway, also play roles in hepatocarcinogenesis [23]. 
Therefore, HCC is characterized by remarkable molecular 
heterogeneity. In the present study, we provide the first 
evidence that mutational inactivation of NBS1, a DNA repair- 
associated gene, are involved in the pathogenesis of primary 
liver cancer. 

The main functional domains of Nbs1 comprise the forkhead- 
associated (FHA) domain (amino acids 24-100), the breast 
cancer C-terminal (BRCT) domain (amino acids 105-190), the 



second BRCT domain (amino acids 215-324), and the Mre11- 
binding domain (amino acids 601-700, binding sites 665-693), 
as well as ATM phosphorylation sites [13,14]. Both the FHA 
and BRCT domains are essential for responses to DNA 
damage, including the formation of ionizing radiation-induced 
foci, S-phase checkpoint activation and nuclear focus formation 
after irradiation, and play crucial roles in cell survival after 
radiotherapy [26]. The Mre1 1-binding domain is essential for 
the formation of the MRN complex, which plays an important 
role in DNA damage-induced checkpoint control and DNA 
repair [7]. In the present study, two NBS1 miscoding mutations 
were located in the FHA domain; one NBS1 miscoding 
mutations was located in the second BRCT domain; three 
NBS1 mutations were located close to the ATM 
phosphorylation sites; notably, three mutations were located in 
the Mre1 1-binding domain (Figure 2). Heterozygous NBS1 
mutations causing loss of the Mre1 1-binding domain 
predispose carriers to common types of cancer [27,28]. Thus, 
the NBS1 mutations identified in the present study are likely to 
play significant roles in the pathogenesis of primary liver 
cancer. 
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Table 3. Association between genetic alterations in the 
TP53 pathway and NBS1 mutation in HCC and ICC. 







HCC (n 


=64) 


ICC (n= 


18) 


PLC* (n 


=82) 


NBS1 mutation 


YesNo 


P-value a YesNo 


P-value a YesNo 


P-value a 


TP53 mutation 


Yes 


2 


7 


0.1957 


1 


1 


0.2157 


3 


8 


0.0701 


No 


4 


51 




1 


15 




5 


66 




MDM2 amplification 


Yes 


1 


3 


0.3322 


0 


1 


1.0000 


1 


4 


0.4096 


No 


5 


55 




2 


15 




7 


70 




p14 homozygous deletion 


Yes 


1 


5 


1 .0000 


0 


1 


1.0000 


1 


6 


1 .0000 


No 


5 


53 




2 


15 




7 


68 




p14 promoter methylation 


Yes 


2 


18 


1 .0000 


2 


3 


0.0653 


4 


21 


0.2389 


No 


4 


40 




0 


13 




4 


53 




At least one of the above 




















four alterations 
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a Fisher's exact test. *PLC: primary liver cancer. 



doi: 10.1371/journal.pone.0082426.t003 

Several studies have shown that somatic heterozygous 
NBS1 mutations in sporadic tumors have functional 
consequences for the Nbs1 protein [1 1 ,27,29]. Heterozygous 
NBS1 splicing mutation (IVS1 1+2insT) detected in sporadic 
gastric, colorectal and lung cancers led to defects in crucial 
binding to Mre11, Mdc1 and BRCA1, and caused impaired 
ATM phosphorylation in response to low-dose irradiation in the 
heterozygous state [27]. In breast cancer cells with a NBS1 
missense mutation (R215W), levels of radiation-induced 
phosphorylation of Nbs1 (Ser343) were reduced to 60% of 
wild-type [11]. Missense NBS1 mutations (L150F and 1171V) 
were associated with chromosomal instability in sporadic 
breast cancer [29]. In the present study, three of the eight 
NBS1 mutations (F603L, S638P and S633T) are located in the 
Mre1 1-binding domain of Nbs1. Since the disruption of the 
Mre11 binding domain of Nbs1 may lead to loss of Mre11 
nuclear localization and increased staining for Mre1 1 in the 
cytoplasm [21], we were able to analyze the functional 
consequences of the three NBS1 mutations located in the 
Mre1 1-binding domain by the analysis of nuclear localization of 
Mre1 1 in tumor cells. Loss of the nuclear localization of Mre1 1 , 
one of the hallmarks for Nbs1 deficiency, was observed in two 
tumors with the NBS1 mutation S638P or S633T, suggesting 
an alteration of the function of the MRN complex, consistent 
with previous reports that loss of Nbs1 protein from the Mre1 1- 
binding domain disrupts the nuclear localization of Mre11 and 
lead to deficiency in DNA DSBs repair [21,27]. The role of the 



mutated Nbs1 protein on HCC progression is important to 
evaluate its potential functional consequence on tumorigenesis. 
However, NBS1 is a "caretaker" gene, which do not directly 
promote tumor development when inactivated. Various 
expression levels of Nbs1 have been detected in three HCC 
cell lines (HepG2, Hep-3B and HepG2.2.15) and one ICC cell 
line HCCC-9810 (Figure 5), and notably, Nbs1 null mutant cell 
lines is not viable due to the functional importance of MRN 
complex in cells. If we express exogenous mutant Nbs1 in 
HCC cells, we cannot rule out the possible role of endogenous 
Nbs1 in the cells. Thus, it is hard to conclude the role of NBS1 
mutations in HCC progression by construction of the NBS1 
mutation vectors and express mutated Nbs1 in HCC cell lines. 
It is noteworthy that, increased HCC incidence in heterozygote 
NBS1 mutant mice provided a strong genetic evidence for the 
role of NBS1 mutations in HCC [18]. 

Several studies have demonstrated a possible cooperation of 
loss of TP53 and NBS1 in the pathogenesis of neoplasms 
[13,14,16,17,30]. In addition to its role in DNA double-strand 
break repair, Nbs1 directly binds to Mdm2, a negative regulator 
of p53, and co-localizes to sites of DNA damage caused by 
gamma-irradiation, while Mdm2 over-expression inhibited DNA 
double-strand break repair associated with Nbs1 [16]. Using a 
humanized p53 knock-in allele in mice, Song et al. 
demonstrated that the common p53 mutants disrupt the earliest 
stage of DNA double-strand break damage response by 
interfering with recruitment of the MRN complex to the site of 
DNA damage, leading to inactivation of ATM and genetic 
instability [30]. In NBS1 mutant/mutant mice expressing N- 
terminally truncated Nbs1, p53 deficiency greatly facilitated the 
development of thymic lymphomas [17]. Moreover, mutational 
inactivation of the NBS1 gene in tumors is associated with 
TP53 mutations in sporadic medulloblastoma and primary 
glioblastoma [13,14]. On the other hand, it was recently 
reported that Nbs1 regulates a novel p53 independent 
apoptotic pathway through BAX activation in response to DNA 
damage and that DNA damage-induced apoptosis is 
significantly reduced in Nbs1 -deficient cells regardless of their 
p53 status [31]. However, the present study notably showed 
the co-presence of NBS1 mutations with genetic alterations in 
the TP53 pathway, implying a synergistic effect of Nbs1 
disruption and p53 inactivation in liver cancer development. 
Although the relationship between NBS1 mutations and TP53 
pathway alterations is not statistical significant, probably due to 
a limited number of tumor cases analyzed, our data has 
provided a potential possibility for such relationship, with the p- 
value around the threshold, and with statistic significant result 
(p=0.0159) when cases with the NBS1 mutations which are 
predicted to be damaging to Nbs1 function were analyzed. 

In summary, this study has revealed the mutation inactivation 
of NBS1, a DNA repair associated gene, in HCC and ICC. 
These findings would be helpful in increasing understanding of 
the molecular pathogenesis of primary liver cancer. 
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Figure 4. Genetic alterations in the TP53 pathway in representative tumor cases. (A) Representative DNA sequencing of 
TP53 mutations: TP53 mutation Y220C in case 383 with NBS1 mutation V348D, TP53 mutation P301L in case 217 with NBS1 
mutation 141 M. (B) MDM2 amplification in case 354 with NBS1 mutation S415R. The dopamine receptor (DR) sequence was used 
as the reference. (C) p14ARF homozygous deletion in case 217 with NBS1 mutation I41M. The GAPDH sequence was used as the 
reference. (D) p14ARF promoter methylation in case 425 with NBS1 mutation S638P. U: unmethylated; M: methylated; PC: 
methylated DNA (Zymo Research, Irvine, CA); NC: unmethylated DNA from normal blood; M: 50 bp DNA ladder. 

doi: 10.1371/joumal.pone.0082426.g004 
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Figure 5. Endogenous expression of Nbs1 in HCC or ICC cell lines. Western blots analysis of endogenous expression of Nbs1 
in three HCC cell lines (HepG2, Hep-3B and HepG2.2.15 ) and one ICC cell line(HCCC-9810).B-actin was used as protein loading 
control. 

doi: 10.1371/joumal.pone.0082426.g005 
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Supporting Information 

Figure S1. Nbs1 expression and p-Nbs1 level in tumor 
cells with or without NBS1 mutation. (A) Western blot 
analysis for detection of Nbs1 expression and p-Nbs1 level in 
five representative tumor cases: cases 478 (HCC) and 425 
(ICC) with NBS1 mutation D272N and S638P, Cases 327,333 
and 343 without NBS1 mutation, B-actin was used as the 
reference. (B) Representative IHC of Nbs1 expression and p- 
Nbs1 level in tumor tissue of one HCC case (case 478). 
Original magnification: x40. 
(TIF) 

Table S1. Association between NBS1 mutations and 
clinical parameters in 64 cases of HCC. 
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